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1. Introduction

This report describes progress on the first year of a research program on the infrared

radiation of air plasmas conducted in the High Temperature Gasdynamics Laboratory at

Stanford University. This research is supported by a grant from the National Aeronautics

and Space Administration (NAG 2-1079) and is currently under the direction of Professor

Charles H. Kruger, with Dr. Stephen R. Langhoff from NASA-Ames as technical

monitor. One Ph.D. candidate is currently involved in this program.

This program is intended to investigate the masking of infrared signatures by the air

plasma formed behind the bow shock of high velocity missiles. In a previous program

(Grant NAG 2-910), spectral measurements were made of the radiation emitted between 1

and 5.5 _tm by an atmospheric pressure air plasma in chemical and thermal equilibrium at

a temperature of approximately 7,900 K. These measurements revealed the presence of

an intense radiation continuum between 3 and 5 _m, a critical spectral range for the

detection of infrared missile signatures. The measured continuum was found to be

underpredicted by the baseline NEQAIR code, as can be seen in Fig. 1 where the

simulated continuum only accounts for approximately 25% of the measured continuum.

The reasons for this discrepancy are examined in Section 2 of this report. Section 3

presents measurements of the infrared radiation emitted by air plasmas at a significantly

lower temperature (-3000 K). The two temperature regimes investigated in this and the

previous program represent extreme cases that provide insight into the phenomena

encountered in the nonequilibrium bow shock of hypervelocity missile interceptors.
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2. Continuum Radiation of Air Plasmas

2.1. Introduction

Continuum radiation results from the interaction between two particles of which at least

one is charged. The interaction produces radiation only if the two particles have different

charges in the dipole approximation (quadrupole emission is usually negligible). There-

fore e-e, e-A-, A--A-, A+-A + interactions (where A is any neutral species) do not radiate.

It is generally sufficient to consider the interaction between electrons and heavy particles

because the deviation, and hence the emission, of ions is much smaller (-1/1000) than

that of electrons owing to their greater mass. The particles interacting with electrons can

be considered fixed before impact since the speed of electrons is usually much higher

(-100 times) than that of heavy species. Furthermore, because of the large mass

difference, heavy species can be considered immobile during the entire collision.

Two main types of interaction exist:

• Absorption/emission of electrons: free-bound radiation

Free-bound radiation occurs when an electron is absorbed by an ion or neutral. Bound-

free radiation is the reverse process and is accompanied by the emission of electrons.

This is calculated by NEQAIR in subroutine BFCONT.

• Deviation of electron trajectories: free-free radiation

Radiation is emitted when an electron is accelerated, namely when its trajectory is curved

by another particle. This radiation is called "free-free" radiation, or Bremsstrahlung, and

accompanies the scattering of electrons. Free-free radiation is computed by NEQAIR in

subroutine FFCONT.

In turn, these interactions can be subdivided into four types:

• flee-free with ions: e+A + --_ e+A++hv

• flee-free with neutrals: e+A --_ e+A+hv

• free-bound with ions: e+A + --_ A+hv

• free-bound with neutrals: e+A --_ A-+hv

Because the continuum is essentially structureless, it is difficult to separate the

contributions of the various species and types of continua. Thus discrepancies often exist

between measured and calculated continua. In this section, we describe various forms of

continuum radiation, including the free-free and free-bound of neutral and ions, then

present an analysis of the causes for the discrepancy between modeled and measured

continuum. Preliminary efforts to enhance the free-free continuum modeling of NEQAIR

are also discussed.



2.2. Free-free with ions:

2.2.1. Background

The free-free electron-ion interaction takes place in the wide-range coulomb field of the

ions, and therefore the strength of the interaction is roughly the same for the ion of any

atom or molecule. For the temperature range of the present study (T < 8000 K), only

positive (singly charged) ions need to be considered since their concentration is always

much greater (-100 times) than that of negative ions (see Fig. 3). As can be seen from

Fig. 3, the dominant ions are: NO + below 6000 K, N ÷, O ÷, NO ÷ between 6000 and

9000 K, and N +, O + above 9000 K.

The free-free interaction is theoretically well known because it results from a wide range

field which allows quasi-classical-hydrogenic calculations to a good approximation. The

equation describing this free-free radiation was derived by Kramers 2 and is called

Kramers equation (the free-free with ion is also called Kramers radiation). It gives the

absorption coefficient cq for species i, stimulated emission not included:
1

4__( 2re ) g e 6O_i= 3 _.3kTem e 3 3(4/l:60) hmecl) Z2nine [m -1 ]

Z2nine
= 3.68x 10 -2 [m -1 ] (1)

v3

where Te is the electron temperature, ni the density of species i [m-3], Z the charge of the

ion, and v the frequency.

Several authors have proposed refinements to Kramers equation in the form of corrective

factors determined from quantum mechanics:

non-classical correction:

In this case the RHS of Eqn. 1 is multiplied by a factor _, called the Biberman factor,

which is the Maxwellian average of the so-called Gaunt factor. 3

non-hydrogenic correction:

Peach 4-8 proposed to multiply the RHS of Eqn. 1 by a factor (I+D) that includes the g

factor. This correction is the one applied in NEQAIR.

Because Kramers equation is a very good approximation, these factors are usually close

to unity, as illustrated in Fig. 2 with the spectral correction factor (used in NEQAIR) for

atomic nitrogen.
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Figure 2. Correction factor for the free-free of N + in NEQAIR.

2.2.2. Changes to NEQAIR model of ion free-free

The study of subroutines FFCONT and BFCONT brought to light some inaccuracies that

we have corrected as detailed below.

1) The NEQAIR routine used to compute the ion free-free is FFCONT. It calculates the

correction factor for only two species, N + and O +, because NEQAIR was initially

intended for T>10000K where the dominant ions are N + and O ÷ (see Fig. 3). However

the dominant ion in the temperature range of interest here (T<8000K) is NO + and thus

must be included in the calculations. The total free-free absorption coefficient from ions

can be written as follows:

a = ZA(Z)nigi = A(T)2nig '
ions ions

where ni is the density of ion i, gi the correction factor for ion i, and (from Eqn. 1):

Z 2 Fte

A(T) = 3.68 x 10 -2 4r-_v3 .

In a first approximation we considered gi=l for all ions, which is probably a good

approximation since free-free correction factors are close to unity. It follows, since the

plasma is neutral:

O_= A(T)Zn i = A(T)n_
i
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Additional work is required to determine more accurate values for the correction factors

of all ions. Nevertheless it can be seen from Table 1 that it is essential to model the free-

free due to all ions. The correction has an appreciable effect on the values of the ion free-

free continuum computed by NEQAIR for the experimental conditions 1 corresponding to

Fig. 1.

Table 1. Free-free continuum computed by the baseline NEQAIR and the modified

version taking into account all ions.

Spectral radiance [mW/(cm2-sr)] at 3.75 gm

for our experimental conditions 1 (-8000 K)

Measurement 0.03

Baseline NEQAIR (N+,O + free-free) 0.0058

NEQAIR (all ions free-free) 0.0083

At the temperatures of interest to the missile signature masking problem, the correction is

even more important since O ÷ and N ÷ are negligible. At 6000K, for instance, NO ÷

produces over 200 times the radiation of these ions.

2) In NEQAIR, the emission coefficient En is derived using the following relation:

Ex = Bx cz'x

where ot'x is the "apparent" absorption coefficient (i.e. including stimulated emission) and

Bx the Planck function. Currently, however, the subroutine FFCONT produces the "true"

absorption coefficient (i.e. ignoring stimulated emission) computed with Kramers

equation (Zeldovich and Raizer, 9 p. 260).

We corrected this error by multiplying cx)_in FFCONT by 1-exp(-hv/kT) to obtain a'x.

This correction is not negligible since hv/kT is of the order of 1 at our temperature and

wavelength conditions. At 3.75 gin and for the conditions of Fig. 1, this correction

results in the effective decrease of the computed continuum emission coefficient by a

factor of 2.5 (Table 2).

The spectrum computed between 3-5 gin with these two corrections is shown in Fig. 5.

Table 2. Effect of stimulated emission on the spectral radiance in NEQAIR.

Spectral radiance [mW/(cm2-sr)] at 3.75 gin for

our experimental conditions 1 (-8000K)

Measurement 0.03

NEQAIR accounting for all ions 0.0083

NEQAIR accounting for all ions and 0.0033
stimulated emission
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2.3. Free-free with neutrals

2.3.1. Background

The neutral free-free is due to the interaction of electrons with the electronic orbitals of

atoms and molecules. The nature of this interaction is very different from the ion free-

free, as mentioned by Geltman 10 (p. 601) and John and Williams 11 (p. 169), because

unlike electron-ion collisions, the electron-neutral interaction occurs at very short range

(atomic orbitals).

In air plasmas, the major species interacting with electrons are [N2, 02] below 2000 K,

[N2, O, O2, NO] between 2000 and 5000 K, and [N, O, N2] for temperatures above

5000 K. Molecules are expected to have a larger free-free emission cross-section than

atoms since the interaction highly depends on the scattering efficiency.

The neutral free-free absorption cross-section is directly related to the elastic electron

scattering cross-section,12,13 or to the momentum transfer cross-section.9,14 The

relation proposed by Cabannes and Chapellel2,13 was recently used in computations of

the neutral free-free by Menart et al. 15 and by Wilbers et al. 16 The electron scattering

cross-sections of neutrals are generally one to two orders of magnitude smaller than those

of ions. As a result, in highly ionized gases (T> 10,000 K) only the ion free-free is of

importance. Below 8000 K, however, it can be seen in Fig. 3 that the concentration of

neutrals is at least 3 orders of magnitude larger than ions, and therefore their free-free

radiation cannot be neglected, contrary to what was done in certain references. 3

Experimental results reported by Taylor 17 (see Fig. 4) support the same. It is thus

important to have an accurate description of this continuum.

Neutral free-free has been the object of theoretical and experimental work during the

1960's, in the context of the space program, and theoretical work in recent years. As will

be seen below, however, there does not appear to be a consensus on the treatment of

electron-neutral interactions.

The models presented in the literature use various approximations: for example,

multichannel theory, 11 electron scattering or momentum transfer cross-sections, 12,14,18

atomic potential, 10 quantum defect, 4,19 and polarization of the target. 20
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Few measurements have been made of the neutral flee-free continuum in the temperature

and wavelength range of interest for the present work (T<8000K, l<)_<5gm). With

regards to electron scattering cross-sections, accurate measurements 21-23 and

calculations22,24, 25 have been made for NO, N2, and 02. However, there are few

measurements and theoretical calculations26, 27 for O, and only calculations for N.24, 26



Moreover, the authors use theoretical expressionsto separatethe contributions of
individual speciesto the neutralcontinuum,which leadsto questionableresultsasthese
theoreticalexpressionsmay not be accurate. The value of the total neutral free-free
radiationis morereliable in theseexperimentssinceit is simply obtainedby subtracting
the relatively well-known ion free-free (Kramers radiation) from the measured
continuum.

The evaluationof the intensity of the total continuumitself is further hinderedby the
presenceof superimposedmolecularbands.As canbeseenin Fig. 5 (takenfrom Ref. 1),
the presenceof molecularbandsbetween3 and 5.5 _m in the measuredspectrummay
partly contributeto thecontinuum. Theintensityof this molecularemissionof unknown
origin canbe estimatedfrom the drop indicatedat 4.8 l.tmwherethe real level of the
continuummightappearbecauseof theabsenceof molecularbands.
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Figure 5. Experimental 1 and computed IR radiation of high temperature air.

Continuum computations are limited to the ion free-free.

A review of the cross-sections reported in the literature indicates that large discrepancies

exist between calculations and measurements of the free-free continuum. As an

illustration, selected values are given in Tables 3-5 of the free-free absorption cross-

section aa i defined by:

O[i = nenai aai ( Qai in cm 5)

where oq [cm 1] is the absorption coefficient without stimulated emission and ni [cm -3] the

density of species i.
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Table 3. Free-free absorption cross-sections [10 "3s cmS]. Sample theoretical and

experimental values for Ar and Ne.

Species T(K) _,

(gin)

Ar 9700 3.1

Ne 12600 3.1

9.85

Theory

Geltman 10

Experiment

Taylor and Caledonia28, 29

Experiment

Kung and Chang 30

2.5 10 7.5

1.8 1.9 6.9

52 78

Table 4. Free-free absorption cross-sections [10 -38 cm s] for O at -10,000 K.

Theory

(gm) Chung and Lin 20

10,000 K

Theory

Geltman 10

10,000 K

Theory

John and

Williams 11

9700 K

Experiment

Taylor and

Caledonia28,29

Experiment

Kung and

Chang 30

2 0.972 0.713 0. 96

3.1 2.25 (9700 K) 7.6 (9700 K) 7.8 (9700 K)

3.5 4.63 4.67

5 12.8 8.97 13.1

9.85 65.2 (9700 K) 300 (9700 K)

10 96.6 66.8

Table 5. Calculated free-free absorption cross-sections [10 -38 cm s] for O at -5000 K

Theory

Chung and Lin 20

5000 K

1.14 0.12

1.52 0.25

2.28 0.73

4.56 4.9

Theory

John and Williams 11

5040 K

0.109

0.228

0.66

4.38

As can be seen from Tables 3-5, discrepancies between computations and measurements

often exceed a factor 4. Furthermore, the various models predict different dependence on

the temperature for the atomic species. In the case of atomic oxygen for example, the

model of Kive114 (see Table 8) predicts that the free-free continuum is independent of

temperature, contrary to the experimental and theoretical results listed in Tables 4 and 5.

11



Table 6-7. Temperature and wave-

length dependence of semi-empirical

free-free cross-sections for 02 and N2

(Kivell8) [10 -38 cmS].

Table 8-9. Temperature and wave-

length dependence of theoretical free-

free cross-sections for O and N

(Kivell4,18) [10 .38 cmS].

02

6000K 9000K 12,000K

0.09 0.167 0.26

2.4 0.69 1.3 2.03

4.8 5.33 10.1 16

0

6000K

0.05

12,000K

0.05

2.4 0.4 0.4

4.8 3.15 3.15

NN2

6000K 9000K 12,000K

0.173 0.36 0.587

2.4 1.28 2.69 4.42

4.8 9.83 20.7 34.3

6000K

0.18

12,000K

0.18

2.4 1.1 1.1

4.8 8 8

Much care should be taken with these results since no physical description of the neutral

free-free is used to extract these data from experiment, as we already mentioned. For

example Taylor 17 and Morris 31 use Kramers equation (Eqn. 1) for electron-neutral

interaction whereas it was derived for electron-ion free-free. They use a Z 2 factor in the

equation as a parameter, an "effective charge" determined experimentally, to allow

comparison with the electron-ion free-free radiation where Z=I. There is however no

theoretical justification for the use of the Z 2 factor (Taylor and Caledonia 28 p. 664).

Moreover, while Morris 31 shows over a wide spectral range (0.097 - 0.7/zm) that Z 2

depends on the frequency (Fig. 6), Taylor (albeit operating in a shorter spectral range)

finds Z 2 to remain approximately constant (Fig. 7).
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2.3.2. NEQAIR96 model

Although the flee-flee continuum of neutrals was not modeled in the original NEQAIR

code, 32 a model for neutral free-flee was incorporated in the recent version

NEQAIR9633 using equations derived by Peach. 5-8 We suspect however that Peach's

equations are not applicable for neutrals for the following reasons.

Peach 4 derived his correction factor explicitly for ions. Then 5-8 this correction factor

was applied to the free-free cross-sections of Menzel and Pekeris 34 which are also

explicitly for ions (Menzel and Pekeris 34 refer to Nedelsky 35 for electron-neutral

interactions). Owing to the very different nature of the electron-neutral and electron-ion

interactions, it is unlikely that Peach's results apply for neutrals. We are currently

investigating other models 12,14,18,36 and completing a literature search for additional

data regarding the neutral free-flee continuum.

2.3.3. Estimate of the importance of the neutral free-free

In this section, we investigate the importance of the neutral flee-free continuum in the

temperature range of interest to the BMDO. Note again that there is no model of the

neutral free-free in the original NEQAIR code. The Kivel cross-sections 18 are used for

consistency as they are given for the 3 species of interest here, i.e. N, O, and N2. The

comparisons presented below are made at 4.8 gm.

As a first approximation, the plasma is modeled as a 2 cm slab of uniform temperature at

7800 K. This approximation is reasonable since the bulk of the radiation comes from the

central part of the plasma which is at a temperature of approximately 7800 K (see Fig. 8).

We will compare for convenience Eexp [W/(cm2-sr)]/2cm and Ecalc [W/(cm3-sr)]. The

neutral free-flee absorption coefficient without stimulated emission is defined as

ai = nenaiOai,

where Qai, nai, and o¢i have dimensions of m 5, m -3 and m -1, respectively. The cross-

sections are obtained from Kivel.14,18 We multiply ai by (1-exp(-hv/kT)) to account

for stimulated emission, and by the Planck function:

2hc 2 ( hvB z - 2_5 e kr-

to obtain the emission coefficient.

defined by the following equation:

1)-1
The neutral free-free emission coefficient is then

2hc 2 _hv

E2_,neutral = ----_-e krOti [W/(m4-sr)]

14
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As the experimental spectrum is convolved with the slit function of the monochromator,

we also have to convolve E:t,neutr_l with the same slit function, which has an equivalent

width of 0.0065_m. The continuum varies slowly over the equivalent slit width and thus

the convolution is simply a multiplication. We finally have:

2hc 2 hv

Eneutrals = 6.5× lO-l° l_lel_laaa _ e -k_ [W / (m 3 - sr)] (2)

In turn, the free-free with ions can be determined from Kramers equation (Eqn. 1) with

ni=ne. The resulting value of _ does not take into account stimulated emission, as

mentioned in section 2.2.2, so we apply the same correction as for the neutral free-free.

Finally we have:

Eions : 6.5 × lO -I0 2hc2 _hv Z2ne 2--e k:r × 3.68 × 10 -2
_5 v3 f-f tW/(m3-sr)j

[ ] (3)

The data used for the present calculations are given in Table 10, and the resulting

radiative coefficients are summarized in Table 11. In Table 11, Ei is the free-free

emission coefficient and t_i the free-free absorption coefficient of species i.

Table 10. Air composition and neutral free-free cross-sections at T=7800 K and

X=4.8 }_m (from Kivell4,18).

Species Air Composition Free-free Cross-section Cross-section per unit

T=7800 K, P= 1atm (Kivel 14,18) volume

na [cm -3] Qa [cm 5] naQa [cm 2]

e 1.8×1015

O 20.3× 1016 3.15× 10 -38 6.4× 10 21

N2 7.23×1016 16.6×10 -38 12×10 -21

N 62.5×1016 8x10 -38 50X10 -21

The cross-section per unit volume, naQa, represents the contribution of each s)ecies to the total absorption.

We notice that N is the dominant neutral for free-free radiation at 7800 K.

15



Table 11. Calculated radiative coefficients for neutral and ions compared to

measured continuum.

Ei [10 -7 W/(cm3sr)] cq [10 .5 cm -1]

O (Eqn. 2) 2.2 1.15

N2 (Eqn. 2)

N (Eqn. 2)

Total neutral free-free

Total ions free-free (Eqn. 3)

Total free-free (neutral + ions)

4.2 2.16

17 9

23.4

11.4

34.8

Measured continuum at 4.81ttm 60

12.31

Note: The total ion free-free computed with NEQAIR using the full measured temperature profile of Fig. 8

is equal to Eio,u/2Cm=9.5xlO 7 W/(cm3-sr). This value is very close to the value of 11.4x10 7 W/(cm3-sr)

that we obtained with the assumption of a 2 cm plasma of uniform temperature 7800 K.

Thus, the total estimated free-free emission 34.8x10 -7 [W/(cm3sr)] represents

approximately half the measured continuum Eexp/2Cm=6OxlO -7 [W/(cm3sr)]. The neutral

free-free alone represents more than a third of the measured continuum. Uncertainties

certainly remain (for instance, Kivell4,18 gives Q=4×10 -39 cm 5 for atomic oxygen

whereas John and Williams 11 give Q=10 -38 cmS), but nevertheless the neutral free-free

appears as a very important emission process in the infrared.

16



2.4. Free-bound with ions

The ion free-bound continuum is described by the following process

A + +e <--rA* +hv,

where A* represents an electronic state of the neutral species A. The theory is well

known for this interaction, and the photoionization cross-sections required for the

determination of the emission coefficient have been calculated or measured for many

atoms.

The model used in NEQAIR is based on the free-bound Kramers equation with the

correction of Peach. As for free-free radiation we corrected the emission coefficient for

stimulated emission.

However there are currently two limitations in the NEQAIR model. First, as for the ion

free-free, only N + and O + are taken into account. As already discussed, additional ions

must be considered at temperatures below 9000 K. Second, the bound-free radiation

stops at 1.4 microns which means that there is a cut-off for the higher energy levels of the

atoms. Bound-free absorption from high lying atomic and molecular levels should

therefore be considered. We are currently investigating methods to remove these

limitations.

2.5. Free-bound with neutrals

The neutral free-bound continuum, or attachment, is described by the following process

A+e<--_ A-+hv

This process is the reverse of the so-called photo-detachment. It is particularly important

for electronegative species such as 02 and O. As several references 31,37-39 mention the

importance of the resulting radiation, further work is required to incorporate this

continuum into NEQAIR2-IR.

17



3. Infrared Radiation Measurements in Air at ~3000 K.

Infrared radiation measurements were made at temperatures close to 3000 K in order to

provide additional validation data for the radiation code NEQAIR2-IR. These

experiments complement the previous set of measurements at -8000 K, and bracket the

temperature range of interest to the hypervelocity missile bow-shock conditions.

The 3000 K air plasma was generated by cooling an air plasma initially at -7500 K

through a water-cooled brass test-section of length 60 cm, as shown in Fig. 9. The initial

7500 K plasma was produced with a 50 kW TAFA model 66 RF induction plasma torch,

powered by a LEPEL model T-50-3 power supply operating at a frequency of 4 MHz.

The plasma torch facility and the set-up for experimental measurements are described in

Ref. 1. The infrared spectrum emitted across the plasma diameter was recorded between

3 and 5.5 lam using a scanning monochromator (SPEX Model 750M) fitted with a 300

gr/mm grating blazed at 4 gm. A long pass filter (_, > 3 gm) was inserted in the optical

path to reject second order radiation from the region _, < 3 gm. The entrance and exit

slits of the monochromator were set at 0.75 and 2.8 mm, respectively, thus yielding a

trapezoidal slit function of base 140 ._ and top 80 ,_ at 3 gm (As discussed in Ref. 1, the

linear dispersion varies with wavelength. The correction factor determined in Ref. 1 was

applied to the analysis of the present results). The measured spectrum was corrected for

the spectral response of the detection system and calibrated in intensity using a tungsten

lamp (Optronics Model 550) with calibration traceable to NIST standards. The accuracy

of the measured spectral intensity is estimated to be better than 10% over the whole

spectral range.
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_-I-- Modular Brass

il TestSection
Water -[_ _:::::n Nozzle
Inlets _ _,,. _ (1 cm exit

__ diameter)
Quartz l_f--.._ J /t

Water --___ I

Outlet "_l__ [ Gas

Wn]_r -- _ Injector

_Lk"-_|| J
Coil j

J

Figure 9. Plasma torch head and cooling test-section schematic.
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The measured IR spectrum, shown in Fig. 10, exhibits two main spectral features: the

fundamental NO (X-X) bands at -5 gm, and the v3 band of CO2 (antisymmetric stretch)

at -4.3 gm. Although the concentration of carbon dioxide was relatively small

(approximately 330 parts per million, which is the natural CO2 concentration in

atmospheric air at room temperature), a large amount of radiation is emitted by the v3

band. CO2 radiation may thus present a challenge for the detection of infrared signatures

since under flight conditions an even larger amount of CO2 may be present in the bow-

shock as a result of carbon ablation from the interceptor's surface.
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Figure 10. Measured IR emission spectrum for the 3000 K plasma.

For modeling purposes, the thermodynamic state of the plasma must be determined. As

mentioned in Ref. 1, one important aspect of the present studies is that the air plasmas

generated with the torch are close to Local Thermodynamic Equilibrium (LTE). The

main benefit of using LTE plasmas is that the quantities needed to model their radiation

(species concentrations, excited state distributions) can be fully determined, using

equilibrium relations, with knowledge of only two parameters, the pressure (1 atm. here)

and the temperature. In this case, the temperature profile (shown in Fig. 11) was

measured from the Abel-inverted intensity of the NO fundamental (1-0) band head at

4.95 gm.
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Figure 11. Measured (from the NO (1-0) band-head) and

modified temperature profiles in the plasma.
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In order to confirm the existence of LTE conditions in the plasma, additional

measurements were made of the radiation emitted in the UV between 200 and 400 nm.

For these measurements, the slit function is well approximated by a trapezoid of base

13.2/_ and top 4.4 A. These measurements were then compared with LTE predictions of

the NEQAIR2 code. 40 For these simulations, all necessary concentrations where

determined from equilibrium relations using the temperature profile measured from the

NO (1-0) band head. As can be seen in Fig. 12, the NEQAIR2 spectrum based on this

profile overpredicts the measurements by approximately 50%. However, the intensities

of the electronic transitions of importance in the 200-400 nm spectral range (NO Gamma

(A---_X), NO beta (B---_X), and 02 Schumann-Runge (B---_X)) are very sensitive to the

temperature in the central part of the plasma, and therefore a small error in the measured

temperature there could be responsible for the discrepancy. Indeed, it was possible to

reproduce the measured spectrum with the slightly altered temperature profile shown in

Fig. 11. This modified profile was obtained by lowering the temperature in the central

plasma region by -100 K, a small change that is within the estimated uncertainty of the

measured temperature. Note that the uncertainty of the temperature profile measured

from the NO (1-0) band head is largest in the central part of the plasma. Therefore the

temperature correction appears reasonable and justified. The NEQAIR2 spectrum

computed with this modified profile, shown in Fig. 13, is in excellent agreement with the

measurements, and thus supports the assumption of LTE in the plasma.
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Figure 12. UV spectrum computed with NEQAIR using the measured temperature

profile, and comparison with the experimental spectrum.
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Figure 13. UV spectrum computed with NEQAIR2 using the modified temperature

profile, and comparison with the experimental spectrum.
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The air injected in the plasmatorch wasproducedby compressingatmosphericair and
thereforecontainedabout330ppmof CO2andanundeterminedamountof watervapor.
By matchingthe absoluteintensityof the measuredandpredictedA-+X bandof OH at
~307nm, we determinedthe concentrationof OH in the plasmaand thus the mole
fraction of atomic hydrogen. We concludedthat the mole fraction of H20 in the
atmosphericpressure,300 K air injectedin the torch wasapproximately3.8x10-4. It is
clear from the measuredemissionspectrumthat neither water (nor OH) bandsemit
significantlyin the infraredunderourconditions.

Comparisons Model-Experiment:

In this section, we present comparisons between the measured infrared spectrum and the

predictions of two spectral codes. Particular attention is paid to the dominant emitters,

namely the fundamental vibrational bands of NO, and the v3 band of CO>

Figure 14 shows a comparison of results for the NO fundamental bands. Details on the

NO radiation model incorporated into NEQAIR2-IR are presented in an earlier

reference. 1 As can be seen in Fig. 14, the predictions of the model are in excellent

agreement with the measured spectrum. It should be noted again that both the

measurements and computations are on absolute scales.

0.05

E
O

E

t-"

t'-
m

0.04

0.03

0.02

0.01

0.00

NO fund.

1-0

Experiment

N EQAI R2/Modified profile

4.95 5.00 5.05 5.10 5.15 5.20 5.25

Wavelength [_tm]

Figure 14. IR spectrum computed with NEQAIR2-IR using the modified

temperature profile, and comparison with the experimental spectrum. The presence

of water vapor in the optical path separating the plasma from the detector is

responsible for the absorption features observed in particular at 5.02, 5.065, 5.08,

5.15, 5.20, and 5.22 _tm.

22



Figure 15 comparesthe measuredCO2 V3 band spectrum with the predictions of the

correlated-k model 41 based on the parameters of EM2C Laboratory of the Ecole Centrale

Paris.42, 43 The correlated-k model is a narrow-band model in which the actual spectrum

is replaced on each narrow band by the reordered spectrum, so that the spectral

integration can be carried out using typically 10 points instead of several thousands. In

the case of CO2 IR radiation, this model affords radiative intensity predictions within a

few percent accuracy. 43 The parameters used for the comparison shown in Fig. 15 are

based on a 16-point gaussian quadrature and a spectral decomposition over intervals of

width 25 cm -1. The model also accounts for absorption by room air CO2 over the optical

path separating the plasma from the detector. This absorption is clearly responsible for

near extinction in the range 4.2-4.3 l-tm of the emission from low-lying rotational levels of

CO2. The lines appearing at both edges of the absorbed region correspond to "hot" CO2

rotational lines. Work is currently in progress to incorporate this model into NEQAIR2-

IR.
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Figure 15. CO2 spectrum computed with the c-k model parameters42, 43 of the

EM2C Laboratory using the modified temperature profile, and comparison with the

experimental spectrum.
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4. Conclusion

Experimental benchmark spectra of the infrared emission of high-temperature air were

measured at approximately 8000 K and 3000 K. These measurements were used to guide

enhancements to the NEQAIR code, as already partly described in Ref. 1. Particular

emphasis was placed in this report on the intense continuum observed between 3 and

5 gm, on the infrared bands of NO, and on the v3 band of CO2 at 4.3 gin.

Several processes, namely the free-free and free-bound of both ions and neutrals, must be

taken into account to describe the observed continuum.

The free-bound continuum corresponds to the radiative emission associated with the

recombination of positive ions (or neutrals) into excited electronic states of the

corresponding neutral (or negatively charged) species. The baseline NEQAIR code only

models the free-bound (subroutine BFCONT) of two ions, N ÷ and O ÷. However, the

dominant ion in air at temperatures below 8000 K is NO ÷, and therefore the model must

be modified to incorporate the NO + free-bound. Another limitation of the free-bound

model of the baseline NEQAIR is that too few electronic levels are taken into account.

As a result, free-bound radiation is only modeled at present for wavelengths shorter than

-1.4 micron. Finally, there is currently no model in NEQAIR for the free-bound

recombination of neutral species (electron attachment/detachment).

The free-free continuum corresponds to the deviation of electron trajectories in the field

of ions (ion free-free) or of the electronic orbitals of neutrals (neutral free-free). In the

baseline NEQAIR, only the flee-flee continuum of ions is modeled (subroutine

FFCONT). Yet, the preliminary analysis presented in this report indicates that the neutral

free-flee could represent as much as 40% of the total measured continuum at 8000 K, and

an even larger fraction at lower temperatures.

Work is in progress to determine an optimal and accurate way to account for these

various continuum processes and to incorporate them into NEQAIR2-IR. It should be

noted that the ability to accurately model these processes is of great importance because

the continuum radiation extends over the entire wavelength range of interest to the

signature masking problem.

The spectroscopic model developed in our previous work 1 for the fundamental

vibrational bands of NO is found to produce simulations in excellent agreement with the

current measurements. Finally, the predictions of a low resolution (25 cm -1) model 41-43

of the v3 band of CO2 at 4.3 gm were compared with measurements and found to

reproduce the observed CO2 emission lines within 30%. Work is in progress to

incorporate this CO2 model into NEQAIR2-IR with higher spectral resolution.
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